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The effects of free-carrier-induced shift and broadening on the carrier distribution function are studied considering different extreme cases for
carrier statistics (Fermi–Dirac and random carrier distributions) as well as quantum dot (QD) ensemble inhomogeneity and state separation using a
Monte Carlo model. Using this model, we show that the dominant factor determining the carrier distribution function is the free carrier effects and
not the choice of carrier statistics. By using empirical values of the free-carrier-induced shift and broadening, good agreement is obtained with
experimental data of QD materials obtained under electrical injection for both extreme cases of carrier statistics.
© 2016 The Japan Society of Applied Physics
Q
uantum dot (QD) lasers have attracted signiﬁcant
interest for more than thirty years owing to the
prediction of temperature insensitivity1) and en-
hanced material gain.2) The Stranski–Krastanov growth
method has been employed to realise high-quality laser
devices3) and has been used to extend the wavelength of
GaAs-based lasers to 1300 nm4) and beyond.5)
The importance of the carrier distribution within semi-
conductor laser materials has been highlighted and discussed
widely,6–10) and can be expected to play a key role in many
aspects of the operation of the laser diode.
GaAs-based InAs QDs operating at ∼1000 nm have been
shown to exhibit a carrier distribution in thermal equilibrium
at 300K,6) but a breakdown in this thermal equilibrium was
observed at low temperatures, which was attributed to the
transition to a random carrier population of isolated quantum
dots.7) The details of the carrier distribution were deduced by
taking the ratio of the gain (g) to spontaneous emission (SE)
rate (Rsp) to determine the carrier distribution function Pf.6)
Pm ¼ g
Rsp
¼ 
2ħ3c2
n2E2h
Pf ð1Þ
Under steady-state conditions, the gain and emission char-
acteristics are linked via the electrical carrier energy distribu-
tion. Therefore, from this equation, the electron and hole
population statistics can be described. For much more deeply
conﬁned GaAs=InAs QDs operating at 1300 nm, a thermal-
ised (Fermi–Dirac) carrier distribution at room temperature
has been deduced by the analysis of the same function.9)
However, ﬁnite carrier capture and relaxation times within
the quantum dots have been pointed out to have a signiﬁcant
impact on the carrier distribution, and that a non-thermalised
carrier population is required to explain the appearance
of multistate lasing from the QD ensemble.10) The analysis
of QD laser threshold current densities has suggested an
intermediate case between Fermi–Dirac and random popula-
tions.7) In all the aforementioned reports, free carrier eﬀects
in the QDs were not considered.
Free carrier eﬀects have been shown to shift the gain peak
in the QD ensemble11) and give rise to a negative diﬀerential
gain at high current densities owing to gain saturation, yet
with continually increasing dephasing eﬀects.12)
We previously reported a Monte Carlo model incorporat-
ing many-body eﬀects for determining the gain and spon-
taneous emission spectra of quantum dot laser materials.13)
Our method contrasts with previous methods that consider
an ensemble of identical quantum dots, assume a Fermi–
Dirac carrier distribution, and explicitly calculate quantum
eﬀects such as carrier–carrier and carrier–phonon correla-
tions. Previous methods have dealt with QD inhomogeneity
through the statistical averaging of the resultant gain spec-
trum.14) This approach has been extended to investigate
the eﬀect of the position=clustering of indium atoms in QDs
of ﬁxed average composition with regard to a negative dif-
ferential gain.15) Fermi–Dirac carrier statistics were again
assumed a priori. This approach accommodates some aspects
of inhomogeneity present in self-assembled QD ensembles,
but has been so far limited in application.
The procedure we adopt13) is shown schematically in
Fig. 1. We consider an ensemble of QDs with a Gaussian
envelope for a ground-state energy distribution with a
FWHM representing the inhomogeneous distributions of
QD size and composition. The ground-state and excited-state
(GS–ES) separation for all the QDs is assumed to be constant
[see Fig. 1(a)].
In the next step [Fig. 1(b)], carrier statistics are applied
to the ensemble of QD states. In the case of Fermi–Dirac
statistics, a Fermi probability distribution has been used to
ﬁll the QD states to a required average QD occupancy. In the
case of a random carrier distribution, the QDs are ﬁlled
independent of their energy and occupation to the required
average QD occupancy. Assumptions considered in this
approach are that we have a geminate population with charge
neutral QDs in both cases. The microstate of the QD16) is
determined by considering the thermal energy of the carriers
with regard to the state separation. Instantaneous carrier
relaxation within each QD is therefore applied. Once the QD
ensemble is populated to the required average occupancy,
each QD is known with a speciﬁed instantaneous occupancy
in terms of carrier number and energetic state.
Subsequently [Fig. 1(c)], many-body eﬀects are intro-
duced to the emission properties of the microstates of the
QDs. We assume that the QDs have the same oscillator
strength (and hence recombination lifetime). An empirical
renormalization shift and an additional homogeneous broad-
ening16–18) are introduced to the gain=spontaneous emission
of each QD based on its instantaneous occupancy. We
assume a linear dependence on carrier density, which is as
reasonable an approximation as more detailed theoretical
analyses.17) The ground state of the QD contributes only to
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absorption at no carrier occupancy and would be transparent
with one electron–hole (e–h) pair. Gain is obtained with two
e–h pairs in the QD. Many-body eﬀects are manifested
by an additional broadening and a renormalization shift to
the transition energy. This shift and broadening continue as
more carriers are added to the QD, owing to the continuously
increasing dephasing yet saturated GS gain. We considered
the homogeneous linewidth with no carriers to be 5meV and
homogeneous broadening dependent on carrier density of
1meV per carrier per QD, as observed experimentally15) at
room temperature. The bandgap shrinkage is calculated using
the bulk value of 32meV=(1018cm−3)1=3,19) which is in good
agreement for both bulk and quantum well materials.20–22)
A QD volume of 10 × 10−18 cm−3 was used. The resultant
shifts in individual QD gain and SE peaks are in line with
calculations16–18) and experimental observations.15)
In this paper, we describe simulation results that explore
the eﬀects of this free-carrier-induced shift and broadening on
the carrier distribution function and then compare them with
experimental data. The diﬀerent extreme cases for carrier
statistics (Fermi–Dirac and random carrier distributions), QD
ensemble inhomogeneity, and state separation are explored.
We show that free carrier eﬀects are not only important at
high QD occupancies12) but also at lower carrier densities
where QD lasers would normally operate. We conclude that
the free carrier eﬀects dominate the form of the gain and
spontaneous emission spectrum for the QD ensemble, and
hence the carrier distribution function, rather than the carrier
statistics.
Figure 2 shows simulation results of the ratio of gain to
spontaneous emission (Pm) for an ensemble of quantum dots
with an inhomogeneous linewidth of 41meV and a state
separation of 60meV (Ensemble A) for (a) Fermi–Dirac and
(b) random carrier distributions at room temperature. These
values for state separation and inhomogeneous linewidth
were measured for the QD laser material23) typical of the
ﬁrst generation of 1300 nm QD lasers.24) The inﬂuence of
free carrier eﬀects is not considered in this data.
For Fermi–Dirac statistics [Fig. 2(a)], the distribution is
a function of energy (QD size) with a priority for deeper
conﬁned dots due to the conﬁnement energy dependence
of carrier escape. By contrast, for random carrier statistics
[Fig. 2(b)], rapid=continuous carrier escape and capture
are not included, and all the QDs have the same carrier
distribution function. The inﬂuence of the density of states
on the probability distribution of carriers results in a steplike
transition proﬁle from the ground state (GS) to the ﬁrst
excited state (ES1) for both Fermi–Dirac and random carrier
statistics, which is inﬂuenced by the state separation and
inhomogeneous linewidth of the ensemble. Regions of the
spectrum where GS and ES overlap occurs result in a
modulation of the family of curves generated (e.g., ∼1 eV).
We now introduce an empirical value for the free-carrier-
induced shift and additional homogeneous broadening
of individual QD gain and SE as a function of carrier
occupancy.15,25) By incorporating these values into the
model, the gain and spontaneous emission spectra were
(a)
(b)
(c)
(d)
Fig. 1. Schematic of the approach to determining the gain spectra of QD
lasers. (a) Ensemble of QDs with a Gaussian envelope for ground-state
energy distribution. (b) Applying carrier statistics to the ensemble of QD
states. (c) Applying many-body eﬀects. (d) Gain calculation.
(a)
(b)
Fig. 2. Ratio of gain over spontaneous emission rate of Ensemble A of
quantum dots at 300K for (a) Fermi–Dirac and (b) random carrier
distributions. 〈n〉 is the average number of carriers per dot.
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recalculated, and the ratio of modal gain to spontaneous
emission (Pm) is plotted for (a) Fermi–Dirac and (b) random
carrier statistics at 300K for Ensemble A. The addition
of these free-carrier eﬀects is signiﬁcant and modiﬁes
these plots as compared with Fig. 2, where they are not
included. This function is now seen to be very similar in
both extreme cases of carrier statistics. Furthermore, a
characteristic positive slope region is created in both data
sets (∼0.91 eV).
To explore the inﬂuences of QD state separation and
inhomogeneous linewidth on the distribution function, we
calculate the carrier distribution function for an ensemble
of QDs with an inhomogeneous linewidth of 31meV and a
state separation of 90meV, termed Ensemble B. Results
are plotted in Fig. 4(a) for a Fermi–Dirac distribution and
in Fig. 4(b) for a random carrier distribution without the
free carrier eﬀects being applied to the model. These values
are typical for commercial, high-areal-density, and high-
uniformity QD laser material.26)
We observe that by using Fermi–Dirac statistics, the
distribution is modulated in a much more abrupt manner in
the transition region between the ground and excited states
in comparison with Ensemble A. We also note that in the
case of random carrier statistics, the ﬂat carrier distribution
signature is more clearly resolved at higher energies than that
of Ensemble A.
We now apply free carrier eﬀects to the model for the same
ensemble of QDs using the same empirical values as applied
to Ensemble A in Fig. 3. Figure 5 shows the results calcu-
lated for Ensemble B after inducing the free carrier eﬀects.
We note a more pronounced region of the spectra with a
positive slope, but note once more that the two sets of data
are very similar in form.
Figure 6 shows experimental data obtained from a QD
laser with state separation and inhomogeneous linewidth as
described for Ensemble B.23) The device was a short-cavity
(250 µm), single-mode (3 µm ridge width) laser diode and
was maintained at a constant junction temperature of 300K.12)
The gain and spontaneous emission spectra of the laser
were measured by the Hakki–Paoli technique.27) We truncate
the graph of g=Rsp [Fig. 6(c)] in regions where noise in
the gain spectrum measurement dominates (<∼0.916 eV).
Strong similarities are observed between the two simu-
lations using very diﬀerent carrier statistics [Figs. 5(a) and
5(b)], and this experimental data. The positive gradient region
to the low-energy side of the ground state of the quantum dots
(at ∼0.92 eV in Figs. 3 and 5) is a particular signature of
the eﬀects of the free carriers. The poor signal-to-noise ratio in
the long-wavelength region made resolving the dip observed
in Fig. 5 impossible in this measurement.
We note that such a positive gradient was observed pre-
viously and attributed to a nonequilibrium carrier distribu-
tion.6) However, this feature is present in our simulations
owing to the inclusion of free carrier eﬀects rather than the
choice of carrier statistics. We highlight that the measured Pm
does not resemble either of the plots in Fig. 4 where free
carrier eﬀects are ignored.
(a)
(b)
Fig. 4. Ratio of gain over spontaneous emission rate of Ensemble A for
(a) Fermi–Dirac and (b) random carrier statistics at 300K.
(a)
(b)
Fig. 3. Ratio of gain over spontaneous emission rate of Ensemble A of
quantum dots at 300K with free carrier eﬀects for (a) Fermi–Dirac and
(b) random carrier distributions. 〈n〉 is the average number of carriers per dot.
(a)
(b)
Fig. 5. Ratio of gain over spontaneous emission rate of Ensemble B of
quantum dots at 300K with free carrier eﬀects for (a) Fermi–Dirac and
(b) random carrier distributions. 〈n〉 is the average number of carriers per dot.
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We note that diﬀerences between the simulated and
experimental results are observed (∼0.97 eV). We attribute
this to the simulation not including any nominally forbidden
transitions due to parity conservation (e.g., e1hh2). However,
this approximation is not likely to be accurate since the QD is
highly strained and the conﬁnement potential is ﬁnite and
parabolic. Indeed, a signiﬁcant SE intensity is observed in the
spectral region between the GS and ES ensembles, which
represent a considerable residual if we consider a Gaussian ﬁt
to the ensemble of GS and ES states. We also note a feature
in the gain spectrum at ∼1.0 eV in Fig. 6(b), which may be
due to a higher order transition (e.g., e1hh3 and e1hh5) with
nonzero oscillator strength.
In this paper, we described the simulation results of the
eﬀects of free-carrier-induced shift and broadening on the
carrier distribution function using a Monte Carlo model.
Diﬀerent carrier statistics (Fermi–Dirac and random carrier
distributions) have been applied and compared. We show that
the introduction of empirical values for the free-carrier-
induced shift and broadening of the individual QD transitions
results in very similar carrier distribution functions. We
concluded that the free carrier eﬀects have more inﬂuence
on the form of gain and spontaneous emission spectrum
for the QD ensemble than carrier statistics. This in turn
suggests that carrier dynamics that determine the carrier
statistics are of less importance than the carrier eﬀects in
inﬂuencing the form of gain and spontaneous emission
spectrum. We compare our simulations with experimental
data and conﬁrm that a good ﬁt is obtained for simulations
incorporating free carrier eﬀects with either extreme case
for carrier statistics.
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